Abstract-Analog performance of an all-optical ultrafast wavelength converter is measured and reported for the first time. The wavelength-conversion process is based on nonlinear cross-phase modulation in an optical fiber combined with an optical filter to convert phase modulation to amplitude modulation. The spurious-free dynamic range (SFDR) of the converter is measured to be 82 dB Hz 2 3 . We define a new metric called the SFDR power penalty, which measures the degradation in SFDR relative to baseline the back-to-back analog optical link. The SFDR power penalty was measured to be 5 dB Hz 2 3 and is shown to be a function of the input optical power. This metric is used to characterize the linear region of the optical wavelength converter.
I. INTRODUCTION

U
LTRAFAST fiber wavelength converters have been successfully used to switch high-speed digital information for optical networks at rates beyond 80 Gb/s [1] ; however, little has been reported on their use in analog systems. The extremely high instantaneous bandwidth of these wavelength converters can be used to realize wavelength switching for high-frequency analog radio frequency (RF) systems. New applications in analog RF systems, including switching or routing through an optical network and beam steering of analog signals using wavelength, may be possible. Certain analog applications like optical analog-to-digital (A/D) converters [2] - [4] require high-speed sampling with the performance requirements of analog RF systems including high linearity and dynamic range.
In this letter, we report for what we believe is the first time, the measured analog performance of an all-optical wavelength converter. The wavelength converter is based on cross-phase modulation (XPM) in nonlinear optical fiber [5] . The incoming data signal introduces a phase shift on the local continuous-wave (CW) signal through the fiber nonlinearity. The phase shift translates to a frequency shift of the CW light and produces spectral sidebands in the CW light. The wavelength-converted data can be recovered by filtering one of these sidebands. The efficiency of conversion is directly proportional to the nonlinear coefficient of the fiber, derivative of the incoming data signal and the length of the fiber. The wavelength-conversion process is more efficient for amplitude-modulated pulses rather than amplitude-modulated CW light. In this work, we employ short optical pulses to sample the analog signal before wavelength conversion in order to maximize the wavelength-conversion efficiency. The performance of the wavelength converter for sampled analog signal is important for applications such as demultiplexing high-speed samples to lower rates or for applications such as beam steering. We have measured a spurious-free dynamic range (SFDR) of 82 dB Hz and define a new metric called the SFDR penalty to quantify analog signal degradation associated with the wavelength converter. The SFDR penalty of the fiber XPM wavelength converter was measured to be 5 dB Hz .
II. WAVELENGTH CONVERTER ARCHITECTURE
The wavelength-converter architecture is illustrated in Fig. 1 and is described in more detail in [5] . Wavelength conversion is based on the principle of XPM induced by differential signals in a length of nonlinear fiber, such as a dispersion-shifted fiber (DSF) or a highly nonlinear fiber. A CW signal or a pulse train at a new wavelength is combined with an intensity modulated pulse train at wavelength . The incoming data imposes a phase modulation of the CW signal or the pulse train due to XPM. This phase modulation causes a spectral broadening of the CW signal or the pulse train thereby generating sidebands, as shown by the inset in Fig. 1 . A circulator/fiber Bragg grating (FBG) arrangement is used after the DSF to notch out the original data signal. This is followed by a tunable bandpass filter to filter out one of the sidebands of the CW light. The filtering of one of the sidebands converts phase modulation to amplitude modulation. This method of wavelength conversion is in principle very fast ( 100 Gb s) since nonlinear fiber processes are almost instantaneous. The wavelength converter acts as a digital 2R regenerator when operated in its nonlinear regime. Analog operation is achieved when operated in the linear regime.
III. SFDR MEASUREMENT SETUP AND PROCEDURE
A two-tone approach was used to measure the SFDR of the wavelength converter, as shown in Fig. 1 . Since the wavelength converter operates differentially, the two RF tones were sampled with a 40-GHz transform-limited [7-ps full-width at halfmaximum (FWHM)] optical pulse train at 1554.0 nm, that was generated from an actively mode-locked fiber ring laser. An electrooptic modulator with a of 4.0 V was used to amplitude modulate the optical pulse train with a composite electrical signal consisting of 9.7-and 9.8-GHz tones. This optically sampled two-tone signal was then wavelength converted to 1548.0 nm using the nonlinear XPM technique described in the previous section. For this particular measurement, we used 500 m of DSF as the nonlinear medium. A circulator and FBG arrangement was used at the output of the DSF to notch out the CW part of the wavelength converted signal and transmit the spectrally broadened part. The notched out light was reflected by the FBG and dumped at the output of the circulator, as shown in Fig. 1 . A tunable bandpass filter of 0.4 nm is used to filter the spectrally broadened part and convert the phase modulation to amplitude modulation. To measure the SFDR, the sampled signal before and after wavelength conversion was detected by a wide-band photoreceiver, which included a 10-GHz electrical low-pass filter. The average optical power input to the photoreceiver was kept constant at 8 dbm, so as not drive it into saturation. The received electrical signal from the photoreceiver was input to the RF spectrum analyzer to measure the SFDR of the system with and without the wavelength converter. When a composite electrical signal containing the two tones and ( ) is optically sampled by a pulse train of frequency ( ), the electrical tones observed in a 1-GHz bandwidth around would be , (
( ), and (
). In this letter, we limit our attention to the third-order mixing terms. The 40-GHz optical sampling pulse train we used was generated by passive multiplexing of a 10-GHz pulse train; thus, in addition to the above listed electrical tones, we also observed tones at frequencies , ( ), and ( ). This can be confirmed from the electrical spectrum in Fig. 2 . The SFDR is defined as the range between the noise floor and the level at which the third-order intermodulation (IMD) products are tangential with the noise level. To measure the SFDR of the link, the RF driving power to the electrooptic modulator is varied in steps of 1 dB. The power in the first-and third-order IMD terms is measured with the RF spectrum analyzer at the output of the link after photodetection. Fig. 3 shows the plot of the power in the first and third IMD tone versus the input electrical power. As expected, the first-and third-order IMD terms have slopes of 1 and 3, respectively. The linear curves are then extrapolated to intersect the noise floor. The SFDR is then measured as the dif- ference in the output power of the primary tone and the power in the third-order IMD tone, when the third-order IMD tone is equal to the noise floor. In our system, the electrical spectrum analyzer limited the noise floor to 130 dBm, when measured with a 30-Hz resolution bandwidth.
IV. ANALOG PERFORMANCE OF THE WAVELENGTH CONVERTER
The transfer function of the wavelength converter is shown in Figs. 4 and 5 and is obtained by varying the average input optical power of the sampled signal in to the DSF. The power of the CW is kept constant. In order to have good analog performance, the converter must be operated in the linear part of the transfer function. We first measured the SFDR of the back-to-back link defined as the modulator-fiber-photoreceiver without the wave- length converter. The measured SFDR of the link without the wavelength converter was approximately 86.7 dB Hz . We then measured the SFDR with the wavelength converter inserted in the link at various operating points along the transfer function of the wavelength converter. Fig. 4 is a plot of the SFDR of the link with and without the wavelength converter at various points of operation along the transfer function of the wavelength converter. As observed from Fig. 4 , for low-input peak powers into the DSF, the conversion efficiency is very small. This results in a low SFDR value for the link with the wavelength converter. As the input optical signal peak power is increased and we move along the transfer function, we observe that the conversion efficiency increases as the wavelength converter is operated in its linear region. In the linear region of interest, which is between 1-2.4 W of peak pump power, the SFDR of the link is between 82-84 dB Hz . If the optical peak power into the DSF were increased further, we would approach the nonlinear regime of operation of the wavelength converter and would notice a drop in the SFDR value. The transfer function of the wavelength converter was measured with a 10-GHz repetition rate pulse train. These pulses were multiplexed to 40 GHz and used as the sampling source. As the peak power of the 40-GHz pulse train is one fourth of the peak power of the 10-GHz pulse train for the same average power, we could not achieve the peak powers required reach the top of the transfer function and observe the degradation in SFDR. By comparing the measured SFDR with and without the wavelength converter, we are able to establish a measure of linearity penalty introduced by the wavelength converter. Fig. 5 shows the SFDR penalty, defined as the logarithmic difference between SFDR with and without wavelength conversion, versus the input pump power to the DSF. Following the previous discussion, we observe that the SFDR penalty is high for low-input powers into the DSF and then decreases as the wavelength converter is operated in its linear region. From  Fig. 5 , the SFDR penalty in the linear region of operation of the wavelength converter is about 5 dB Hz . Thus, the fidelity of the wavelength-conversion function is high in the linear region. Linearizing the electrooptic modulator and increasing the efficiency of wavelength conversion can improve the absolute values of the SFDR before and after wavelength conversion.
V. CONCLUSION
The first measurements of the analog characteristics of ultrafast optical wavelength converters are reported. The SFDR of the wavelength converter was measured between 82-84 dB Hz . The SFDR power penalty is defined by comparing the SFDR of the time-sampled link with and without the wavelength converter in order to access the effect of the wavelength converter on analog system performance. The SFDR penalty in the linear region of operation of the wavelength converter is about 5 dB Hz . The application of analog wavelength converters includes optical A/D conversion as well as switching and beam steering in optical communication links and networks.
